Previous non-invasive brain research has reported auditory cortical sensitivity to periodicity as reflected by larger and more anterior responses to periodic than to aperiodic vowels. The current study investigated whether there is a lower fundamental frequency ͑F0͒ limit for this effect. Auditory evoked fields ͑AEFs͒ elicited by natural-sounding 400 ms periodic and aperiodic vowel stimuli were measured with magnetoencephalography. Vowel F0 ranged from normal male speech ͑113 Hz͒ to exceptionally low values ͑9 Hz͒. Both the auditory N1m and sustained fields were larger in amplitude for periodic than for aperiodic vowels. The AEF sources for periodic vowels were also anterior to those for the aperiodic vowels. Importantly, the AEF amplitudes and locations were unaffected by the F0 decrement of the periodic vowels. However, the N1m latency increased monotonically as F0 was decreased down to 19 Hz, below which this trend broke down. Also, a cascade of transient N1m-like responses was observed in the lowest F0 condition. Thus, the auditory system seems capable of extracting the periodicity even from very low F0 vowels. The behavior of the N1m latency and the emergence of a response cascade at very low F0 values may reflect the lower limit of pitch perception.
I. INTRODUCTION
In western languages, the majority of speech sounds such as vowels, semivowels and diphthongs are voiced and thus quasi-periodic. Periodicity is an important feature of speech sounds as it enables both phonological and intonational contrasts. Unfortunately, relatively few studies of cortical periodicity detection have employed actual speech stimuli. Instead, synthetic non-speech sounds are favored because their periodicity can easily be manipulated in a controlled way. However, the choice of stimuli can considerably affect the cortical responses to sound periodicity: Irrespective of their periodicity, cortical responses to speech sounds are reported to differ with respect to amplitude and source location from those elicited by non-speech sounds ͑Hewson-Stoate et al., 2006͒. Similarly, human voice per se elicits stronger activation ͑Gunji et al., 2003͒ in the human cortex than do other sound categories and is processed in specialized cortical regions ͑Belin et al., 2000͒. Moreover, Whalen et al. ͑2006͒ presented evidence for a specialized speech system where the earlier cortical treatment of speech is suppressed in favor of a specialized representation formed in the subsequent stages of speech processing. Consequently, the results of human neuroimaging studies using artificial nonspeech stimuli cannot be generalized to the processing of speech sounds. Instead, to determine the cerebral mechanisms involved in the processing of voiced speech, it is essential to use realistic speech sound as stimuli. To this end, methods such as semisynthetic speech generation ͑SSG͒ ͑Alku et al., 1999͒ that yield highly natural, yet fully controllable speech stimuli have become available for the purposes of brain research.
Periodic vowels are produced when air expelled from the lungs makes the vocal folds fluctuate. Consequently, the vocal tract is excited by a quasi-periodic glottal flow waveform resulting in speech pressure signals whose temporal structure consists of repeating periods. The spectra of these sounds are characterized by a comb structure with highamplitude peaks, or partials, corresponding to integer multiples of the F0. The F0 values of average conversational speech are approximately 200 Hz for female and 125 Hz for male voices. In singing, however, the F0 may reach considerably lower or higher values. In contrast, unvoiced sounds, such as fricatives and whispered vowels, are temporally ape-riodic and spectrally irregular, that is, they lack the comb structure. Perceptually, most periodic sounds produce a pitch sensation while most aperiodic sounds do not. In addition to the harmonic structure, the spectra of voiced speech sounds are characterized by the overall envelope which gradually decreases towards high frequencies. This envelope comprises local high-energy resonances caused by the vocal tract. These resonances, termed the formants ͑F1, F2, F3, etc.͒, determine vowel identity.
The cortical processing of speech involves rapidly changing activity in distinct locations in cortex. Therefore, the study of cortical processing of speech requires both temporally and spatially accurate imaging techniques. Magnetoencephalography ͑MEG͒ is a non-invasive technique used to measure the magnetic fields produced by electrical activity in the brain and it combines high temporal acuity with good spatial resolution. Sources of brain activity can be located from multi-channel MEG recordings by mathematical procedures such as equivalent current dipole ͑ECD͒ modeling. The most prominent auditory evoked field ͑AEF͒, elicited by any audible sound, is the transient N1m response peaking around 100 ms after stimulus presentation ͑Näätänen and Picton, 1987͒. The cortical processing of sound features is reflected in the amplitude, latency and source location of the N1m response. Other cortical responses have been studied extensively as well, including the sustained field ͑SF͒ which is elicited by prolonged auditory stimulation and reaches its maximum around 400 ms ͑Hari et al., 1980; Pantev et al., 1994 ; see also Picton et al., 1978a&b͒. Previous MEG studies have reported cortical sensitivity to periodic sounds. For example, larger N1m amplitudes to periodic than to aperiodic stimuli have been reported in studies using non-speech ͑Gutschalk et al., 2004; Soeta et al., 2005; Lütkenhöner et al., 2006͒ and artificial speech-like ͑Hertrich et al., 2000͒ sounds. Also, an anterior shift of the source location is associated with the AEF elicited by the onset of a periodic vowel after an aperiodic voiceless fricative ͑Kaukoranta et al., 1987͒ and by square wave stimulation after aperiodic noise ͑Mäkelä et al., 1988͒. Further, when continuous auditory stimulation changes from aperiodic to quasi-periodic iterated ripple noise ͑IRN͒, the AEF grows in amplitude and its source shifts in the anterior direction ͑Krumbholz et al., 2003͒. However, in a transient stimulation condition, the N1m amplitude enhancement associated with periodicity seems to depend on sound F0: Soeta et al. ͑2005͒, using 1000 Hz IRN stimuli, reported such an enhancement, whereas Krumbholz et al. ͑2003͒ found no enhancement when they used IRN stimuli with F0s in the 16-250 range.
Gutschalk et al. ͑2004͒, separating an anterior and a posterior source of the N1m, showed that only the anterior source was sensitive to auditory periodicity. In contrast, the posterior source was sensitive to the amount of sound energy. Also, the auditory SF responses arise from two separate sources sensitive to the temporal periodicity and sound energy, respectively ͑Gutschalk et al., 2002; Gutschalk et al., 2004͒ . The periodicity-sensitive AEF source is activated by very different types of stimuli. Specifically, the onset of either monaural ͑IRN͒ or binaural ͑Huggins pitch͒ periodicity within ongoing noise elicits a periodicity-specific onset response similar to that reported by Krumbholz et al. ͑2003͒ ͑Hertrich et al., 2005 Chait et al., 2006͒. Thus, previous research suggests the existence of a periodicity-sensitive source that makes use of a central and binaural representation of acoustic periodicity. To date, however, the interplay between the neural populations sensitive to pitch and those sensitive to speech sounds has been largely unexplored.
When the F0 of periodic broadband sounds is decreased to sufficiently low values, the perceptual sensation and the underlying neural responses associated with these sounds are substantially affected. In particular, the pitch sensation characteristic to periodic sounds disappears when the F0 is decreased below 19-40 Hz ͑Ritsma, 1962; Guttman and Julesz, 1963; Krumbholz et al., 2000; Pressnitzer et al., 2001͒ Unfortunately, as only non-speech stimuli have been used in these studies, it cannot be established whether the results can be generalized to the processing of periodic speech sounds.
To overcome the validity issues related to the use of non-speech stimuli, recent MEG studies have drawn on the technical advances in speech stimulus generation and investigated human cortical representations of periodicity with realistic speech sounds. Using these advances, Alku et al. ͑2001͒ and Tiitinen et al. ͑2005͒ presented subjects with both periodic and aperiodic natural-sounding vowels. The spectral envelope and hence the vowel identity of the periodic and aperiodic vowels were identical but the natural glottal excitation of the periodic vowels was replaced by a noise sequence in the generation of the aperiodic sounds. These studies demonstrated cortical sensitivity to periodicity, as reflected by N1m with larger amplitudes and more anterior response locations to periodic as opposed to aperiodic sounds ͑Alku et al., 2001; Tiitinen et al., 2005͒ . However, because they only used a single F0 value each, the question of whether cortical sensitivity to periodicity depends on the F0 of speech sounds was left open. Furthermore, while the SF responses have been previously investigated in the contexts of both speech ͑Eulitz et al., 1995͒ and periodicity ͑Gutschalk et al., 2002͒ separately, the SF dynamics relevant to the combination of speech and periodicity are unknown. Experiments with realistic speech sound stimuli of an extended duration are needed to clarify these issues.
The aim of the current study was to investigate cortical sensitivity to vowel periodicity, as reflected in both N1m and SF amplitude and generator source location, with vowels whose F0 was varied in a controlled manner. In particular, the focus was on the issue of whether there is a lower F0 limit for this cortical sensitivity to periodicity. When the F0 of a periodic complex sound is decreased, the spectral distances between its partials are shortened. Therefore, if there is a critical bandwidth that the spectral distance between the partials must exceed for the generation of periodicity-specific cortical activity, the cortical sensitivity to periodicity should disappear if the vowel F0 falls below this critical value. Thus, it may be hypothesized that cortical responses evoked by periodic vowels increasingly resemble responses evoked by aperiodic sounds as F0 is decreased. However, in spite of F0 decrements, the periodicity and the harmonic comb structure of periodic vowels, as acoustic stimuli, are preserved. Although the frequency resolving power of the auditory periphery limits the place code representation of the vowel comb structure at low F0 values, the periodicity information is also available in the neural discharge patterns of auditory periphery as shown, for example, by in vivo measurements of cat auditory nerve fibers ͑Cariani and Delgutte, 1996͒. Therefore, it is possible that cortical sensitivity to vowel periodicity is maintained although the F0 is decreased notably below the range of normal speech.
The existence of a lower F0 limit for cortical sensitivity to vowel periodicity was determined by using the responses to aperiodic vowels as a baseline. Natural-sounding, fully controlled vowels generated with the SSG method ͑Alku et al., 1999͒ were used as stimuli. The F0 of the periodic vowels was decreased in a controlled way from values typical to male speech ͑113 Hz͒ to exceptionally low values ͑9 Hz͒. Extended vowel durations were used because of long period lengths in the low F0 range. This allowed the investigation of both the N1m and the SF responses elicited by the vowel stimuli.
II. METHODS

A. Subjects
Fourteen subjects ͑average age 28 years, standard deviation 8.8 years; three females͒ participated in the study with written informed consent. All subjects reported normal hearing and being right handed. The experiment was approved by the Ethical Committee of Helsinki University Central Hospital. During the experiment, the subjects, instructed not to pay attention to the auditory stimuli, concentrated on watching a silent video. The subjects were also instructed to avoid eye movements and blinks during MEG data acquisition.
B. Stimulus preparation and presentation
The stimuli were created with semisynthetic speech generation ͑SSG͒, a method which produces high-quality synthetic vowels from natural glottal excitations in conjunction with artificial vocal tract models ͑Alku et al., 1999͒. Using SSG, a glottal excitation pulseform ͑F0 = 113 Hz͒ was first extracted from an utterance produced by a male speaker. Five variants of this periodic excitation waveform, each with different F0, were then created by increasing the lengths of the closed phase durations of the individual glottal pulses. The waveform of the glottal excitation pulseform was similar during the closing phase in all the periodic vowel stimuli of different F0. The closing phase acts as the acoustical main excitation to the vocal tract ͑Gauffin and Sundberg, 1989; Fant, 1993; Alku et al., 2006͒ . Thus, the characteristics of the synthesized periodic speech sounds during their most energetic time spans were consistent across different F0s. Incremental lengthening of the fundamental period was conducted in order to create excitation waveforms whose F0 decreased in 10% steps on the ERB scale ͑Glasberg and Moore, 1990͒. This resulted in glottal sources with the following F0 values: 113 Hz ͑original glottal excitation͒, 86, 62, 40, 19, and 9 Hz. In addition to these periodic excitation signals, an aperiodic noise sequence was produced using random numbers with uniform distribution. The power spectrum of this noise sequence was matched to the spectrum of the original periodic glottal pulseform by using low-order filtering computed with linear predictive coding ͑LPC͒ ͑Rabiner and Schafer, 1978͒.
As the final step of the stimulus synthesis, all six periodic glottal waveforms and the aperiodic sequence were filtered by artificial all-pole vocal tract models mimicking the formant structures of the vowel /a/ and /e/. The vocal tract filters were adjusted to create the following values for the lowest four formant frequencies: 605 Hz ͑F1͒, 925 Hz ͑F2͒, 2005 Hz ͑F3͒, and 3465 Hz ͑F4͒ for the vowel /a/ and at 450 Hz ͑F1͒, 1960 Hz ͑F2͒, 2240 Hz ͑F3͒, and 3595 Hz ͑F4͒ for the vowel /e/. All the stimuli could be easily identified as the corresponding vowel, that is, either as /a/ or /e/, for all seven excitation waveforms. Figure 1 depicts the timedomain waveforms and the spectra of the vowel /a/ in the case of the periodic stimuli with the highest and lowest F0 and in the case of the aperiodic stimulus.
As the peak-to-average ratio of the vowel waveform amplitude increases with decreasing F0, it is not possible to match the stimuli on both peak and rms waveform amplitudes at the same time. Therefore, instead of matching the stimuli based on the waveform amplitudes, they were matched with respect to the actual acoustic energy, quantified as sound pressure level ͑SPL͒, received by the ear. The SPL of the stimuli were measured with a sound level meter using the A frequency weighting and temporal integration so as to approximate the properties of human hearing. Based on these measurements, the stimuli were calibrated to an equal SPL of 75 dB͑A͒.
Stimulus duration was 400 ms, and onsets and offsets were smoothed with a 5 ms Hanning window. The stimuli were created in 22.050 kHz, 16 bit format. They were delivered to the subjects diotically through plastic tubes and earpieces, characterized by a 3 dB pass band from 70 Hz to 4 kHz, with an onset-to-onset interval of 1500 ms. The experiment was run with Presentation® software ͑Neurobehav-ioral Systems, Inc.͒ suitable for real-time delivery of auditory stimuli. Each stimulus was presented in its own sequence and the 14 sequences were presented in pseudorandom order counterbalanced across subjects.
C. MEG data acquisition
Cortical activation elicited by the stimuli was registered with a 306-channel whole-head MEG measurement device ͑Elekta Neuromag Oy, Finland͒ in a magnetically shielded room. At the beginning of each stimulus sequence, the head position with respect to the sensor array was determined by using head position indicator coils attached to the subject's scalp, with the locations of the coils with respect to the left and right preauricular points and the nasion having been determined prior to the measurement. The data were acquired with a recording bandwidth of 0.1-200 Hz and sampled at 600 Hz. In order to attenuate the cortical activity not time locked to stimulus presentation ͑e.g., activity related to muscle artifacts, eye movements caused by watching the video͒ 150 artifact-free evoked responses per stimulus were averaged over a period of 600 ms including a 100 ms prestimulus baseline. Epochs containing artifacts, defined as MEG sensor values exceeding ͉3000͉ fT/ cm or eye movement potentials exceeding ͉150͉ V, were excluded online.
D. ECD modeling
The amplitudes and generator locations of the N1m and SF responses were investigated with the ECD modeling technique in each hemisphere separately, with the assumption of a single dipole in a spherical volume conductor. Latency analysis was restricted to the transient N1m responses because these ͑unlike SF responses͒ have well defined peaks. The MEG waveforms were baseline corrected with respect to the 100 ms prestimulus interval and band-pass filtered at 1 -20 Hz prior to ECD analysis. The ECDs were fitted to the maximum amplitude points of the auditory N1m and SF, at 90-150 ms and Ͼ340 ms post-stimulus latencies, respectively. Conditions with poor ECD fits were defined as dipoles with goodness-of-fit values Ͻ60% or anomalous generator locations. Any poor ECD fits were considered missing values in the statistical analysis stage and led to subject rejection. The average goodness of fit of ECDs was over 85% for the nine subjects that were included in the statistical analyses.
E. Statistical analyses
The means of the ECD model dimensions ͑amplitude and source location coordinates͒ obtained from different stimulus conditions were compared with repeated measures analyses of variance ͑ANOVAs͒. Mauchley sphericity tests were run in order to test the assumption of sphericity of data, and Huynh-Feldt corrections on the degrees of freedom were made when the assumption of sphericity was violated. The data were analyzed with responseϫhemisphereϫvowelϫF0 ANOVAs where "response" comprised response types N1m and SF, "hemisphere" comprised the left and the right hemisphere, "vowel" comprised vowels /a/ and /e/, and the levels of factor "F0" consisted of the six fundamental frequencies and the aperiodic condition. The N1m latencies were analyzed with a hemisphereϫvowelϫF0 ANOVA. Both the 20 dB FIG. 1. Examples of the time-domain waveforms and the spectra of the vowel /a/ used in the study. The vowel in the case of periodic glottal excitation with the highest ͑113 Hz͒ and lowest ͑9 Hz͒ F0 and in the case of aperiodic glottal excitation is shown. A comb structure, characteristic of periodic sounds, is observed in the spectrum of the 113 Hz vowel but becomes very dense for the spectra of the 9 Hz vowel and is lacking in the spectra of the aperiodic vowel. Vowels with F0 between the extreme 113 Hz and 9 Hz values have intermediate period lengths and comb structure densities. The spectral envelope and vowel formant structure are unchanged by the manipulations of vowel periodicity. The first 200 ms of the stimuli are shown in the waveforms; the spectra were calculated from the entire duration of the stimuli. main and the interaction effects of ANOVAs were investigated and all statistically significant effects are reported. Newman-Keuls tests were used as a means of post-hoc analysis for pairwise differences in the data.
RESULTS
Prominent N1m and SF responses were recorded in both hemispheres for both the aperiodic and periodic instances of the vowels /a/ and /e/ and for all F0 values of the periodic vowels. Multiple transient responses were observed in the 9 Hz condition, but not in the other conditions. Figure 2 illustrates grand-average waveforms from MEG sensors with maximum response amplitudes obtained above the left and right auditory cortices. Examples of ECD modeling results from the sensor array of each hemisphere are shown in Fig.  3 .
The N1m and SF amplitudes and the N1m latencies are shown in Fig. 4 . Both the N1m and SF responses elicited by the periodic vowels were larger in amplitude than those elicited by the aperiodic vowels ͑F 6,48 = 6.92, p Ͻ 0.001͒. Posthoc analysis indicated that while the amplitudes in all periodic conditions were larger ͑23.3-27.3 nAm͒ than in the aperiodic condition ͑19.2 nAm͒, there were no differences in amplitude among the periodic conditions. The effect of F0 differed somewhat between N1m and SF, as indicated by an interaction effect between response type and F0 ͑F 6,48 = 3.49, p Ͻ 0.01͒. The N1m and SF amplitudes also varied according to vowel ͑F 1,8 = 5.51, p Ͻ 0.05͒, being larger for /e/ ͑25.7 nAm͒ than for /a/ ͑23.50 nAm͒. No significant F0 ϫvowel interaction was observed.
While variations in the F0 of the periodic vowels were not reflected in the amplitude of the cortical responses, they did have an effect on N1m latency ͑F 4.5,36.3 = 5.56, p Ͻ 0.001͒. A clear monotonically decreasing trend of N1m latency as a function of the F0 was observed in the F0 range of 19-113 Hz, with latency varying from 125 ms ͑F0 =19 Hz͒ to 115 ms ͑F0 = 113 Hz͒. The F0 explained on the average 90% of the N1m latency variability. The slopes of linear regression lines, fitted to the data at and above 19 Hz, i.e., excluding the aperiodic and 9 Hz conditions, are −0.08 ͑/a/͒ and −0.18 ͑/e/͒ in the left hemisphere and −0.08 ͑/a/͒ and −0.04 ͑/e/͒ in the right hemisphere. The F0ϫhemisphere interaction was, however, not statistically significant. The N1m latency in the 9 Hz condition ͑114 ms͒ was clearly shorter than that predicted by the trend fitted to the other periodic conditions and resembled the latency of the aperiodic condition ͑112 ms͒.
The AEF source locations are shown in Fig. 5 . Both the N1m and SF responses elicited by the periodic vowels were anterior to those elicited by the aperiodic vowels ͑F 3.4,27.0 = 3.35, p Ͻ 0.05͒. The responses to periodic and aperiodic vowels were located, on average, 5 and 2 mm, respectively, anterior to the center of the head. No significant differences in ECD location were found among the periodic conditions. The right-hemispheric AEF sources were generated anterior to their left-hemispheric counterparts, being around 9 and 1 mm, respectively, from the center of the head ͑F 1,8 = 15.13, p Ͻ 0.01͒ in both hemispheres and for both the N1m   FIG. 2 . ͑Color online͒ Grand-average response waveforms from the leftand right-hemispheric sensors yielding maximum responses and located directly above the auditory cortices. When the vowel F0 was at and above 19 Hz, a single N1m response was followed by a SF response. When F0 was dropped to 9 Hz, a cascade of transient N1m-like responses became evident. Both the N1m and SF amplitudes are larger for the periodic than for the aperiodic conditions. The time scale, partitioned with vertical lines at 100 ms intervals, ranges from 0 ms to 500 ms relative to the stimulus presentation.
Left hemisphere
Right hemisphere Periodic Aperiodic   FIG. 3 . ͑Color online͒ ECDs fitted to the responses elicited by the periodic vowel /a/ ͑F0 = 113 Hz͒ and its aperiodic counterpart. In both hemispheres, the ECD in the case of the periodic vowel is anterior to that fitted in the case of the aperiodic vowel. The magnetic fields are also stronger for the periodic as opposed to the aperiodic condition. The isocontour lines represent the magnetic field distribution measured at the peak latency of the N1m response and indicate the magnetic field entering and exiting the scalp. The isocontour step is 10 fT.
and the SF responses. The N1m responses were located around 54 mm lateral from the head midline and were thus about 2 mm lateral to the SF responses located around 52 mm from the head midline ͑F 1,8 = 6.39, p Ͻ 0.05͒.
III. DISCUSSION
It has previously been established that auditory cortex is sensitive to the periodicity of speech sounds ͑Alku et Tiitinen et al., 2005͒. Here, the importance of the spectral comb structure, inherent in periodic speech sounds, to the elicitation of periodicity-specific responses was examined. Specifically, the aim was to determine whether there exists a limit for vowel comb structure density, manipulated through F0 decrement, beyond which the cortical sensitivity to periodicity disappears. The vowel F0 was decreased between stimulus conditions in equal steps on the ERB scale to very small values that were located below the range of normal speech. An extended stimulus duration of 400 ms was used, enabling the emergence of SF responses which are elicited only by prolonged stimulation. Interestingly, all the periodic vowels, despite the F0 decrements, elicited larger AEF amplitudes than the aperiodic vowels. This enhancement of amplitude was observed for both the N1m and the SF responses. Furthermore, both the N1m and the SF responses elicited by periodic vowels were located anterior to the responses elicited by aperiodic vowels, but no topographic differences according to F0 were found between responses elicited by periodic vowels. These findings extend those of the earlier studies indicating cortical sensitivity to periodicity, each utilizing only a single F0 value for the periodic stimuli ͑Hertrich et al., 2000; Alku et al., 2001; Tiitinen et al., 2005 . Thus, cortical sensitivity to periodicity, as indexed by AEF amplitude and generator source location, is unaffected by the reduction of the spectral distance between sound partials in the vowel comb structure. Instead, the sensitivity to vowel periodicity is maintained down to the lowest F0 values ͑9 Hz͒ used in the study.
According to Gutschalk et al. ͑2002 and 2004͒ the N1m and SF responses each consist of two separate components: an anterior component sensitive to periodicity and a posterior component sensitive to sound energy. These components can be separated with a continuous stimulation paradigm or with a subtraction technique. In the current study, the AEFs were elicited with transient stimulation where the onset of periodicity co-occurs with the sound onset after a silent interval. Therefore, in the AEFs measured here, the activity of the periodicity-sensitive source was likely to be mixed with that from the energy-sensitive source. However, as the stimulus sound pressure level was held constant across all conditions, the differences between the periodic and aperiodic conditions probably indicated differential activation of the periodicitysensitive components of the AEFs. Thus, the amplitude enhancement and the anterior shift in source location indicate that the periodicity-sensitive component, suggested by Gutschalk et al. ͑2002 and 2004͒ , was activated by all periodic vowels used in the current study.
Among the periodic vowel conditions, the F0 was reflected only in the latency of the N1m. The N1m latency first continues from 100 Hz to at least 800 Hz. The F0 range of the vowel stimuli in the current study extended considerably below the F0 range used in the previous studies. Consequently, it turned out that the monotonic trend of N1m latency versus F0 broke down when the F0 was decreased below a limit which is located at or below 19 Hz. This breakdown might be explained in terms of an integration time in the elicitation of N1m responses. As the increasing trend of N1m latency with decreasing vowel F0 continued down to 19 Hz, an integration time explaining the current results would be longer than the 53 ms cycle length of the 19 Hz vowel. This integration window is longer than the one that may be estimated from the results of Onishi and Davis ͑1968͒, who found the N1 response to depend on pure tone durations up to 30 ms. This discrepancy might suggest differences in cortical integration of natural speech sounds and simple sinusoids. Previous MEG studies have shown that the amplitudes of the AEFs elicited by periodic complex sounds decrease as F0 is decreased ͑Forss et al., 1993; Gutschalk et al., 2002; Krumbholz et al., 2003͒ . In addition, psychophysical results indicate that the pitch perception associated with periodic sounds disappears when the F0 is lowered to around 19 Hz ͑Guttman and Julesz, 1963͒, 30 Hz ͑Krumbholz et al., 2000 Pressnitzer et al., 2001͒, or 40 Hz ͑Ritsma, 1962͒ . Thus, the current results, showing persistent cortical sensitivity to periodicity even at very low F0 values, seem to contradict these earlier findings. The discrepancy between the previous and the current MEG results may, however, be explained by the differences in the stimuli ͑click train vs. vowel͒ and the range of F0 used ͑40-320 Hz vs. 9 -113 Hz͒. Nevertheless, the qualitative change in AEFs from one to multiple transient peaks observed in the lowest F0 condition, along with the breakdown in the monotonic trend between F0 and N1m latency, could still be related to traversing the lower limit of pitch perception. Although the origin and the function of the cascade of transient responses to low-frequency vowels are unclear, this cascade may reflect the perception of the lowfrequency sound as a series of individual segments corresponding to the repetition cycle rather than as one continuous sound. This interpretation is supported by the reported change in perceived sound quality from pitch to "motorboating" by Guttman and Julesz ͑1963͒ or to infrapitch by Warren and Bashford ͑1981͒. Their estimates of the lower limit of pitch perception were located at the corresponding F0 range of 19-20 Hz below which multiple transient responses emerged in the current MEG recordings.
The cortical sensitivity to periodic vowels could be linked to a possible reduction of vowel intelligibility of aperiodic vowels relative to periodic ones. However, all the vowels used in the current study could easily be identified in FIG. 5 . AEF source locations on the lateral-medial and anterior-posterior axes. The source locations for both the N1m and SF responses were more anterior in the periodic than in the aperiodic conditions. The right-hemispheric responses were generated anterior to the left-hemispheric ones, and the N1m responses originated from locations lateral relative to the SF responses. The periodicity condition is indicated next to the data points. N1m and SF sources are depicted on gray and white backgrounds, respectively. spite of the manipulations in their periodicity. As two different vowel stimuli were used, it was possible to determine whether there was any interaction of periodicity and vowel identity in the elicitation of the N1m and SF responses. In previous studies of cortical speech processing, different vowel formant settings were reflected in the N1m amplitude ͑Obleser et Tiitinen et al., 2005͒ and latency ͑Ti-itinen et al., 2005͒ . A direct comparison between the current and previous studies is, however, difficult because different vowels, or at least different formant values, were used in these previous studies. Nevertheless, the current results demonstrate that in addition to the N1m amplitude, also the SF amplitude was elevated for /e/ in contrast to /a/. As the first two vowel formants are more closely spaced in /a/ than in /e/, the difference of amplitudes in the AEFs elicited by these vowels might be explained by a non-linear response attenuation mechanism, such as lateral inhibition, whose effect depends on the distance between the major spectral peaks of the stimuli. However, further experiments with more vowels of different formant patterns are definitely needed in order to test this explanation. Importantly, no interaction between vowel identity and periodicity was found, suggesting that vowel periodicity is processed independently of vowel identity. Thus, it is unlikely that periodicity-specific cortical responses can be accounted for by differences in vowel intelligibility between periodic and aperiodic conditions.
The current study expanded the design of earlier studies of cortical sensitivity to periodicity by taking a further step to revealing the mechanisms creating this sensitivity. If the mechanism behind the cortical sensitivity to periodicity depends on the sound partials being well separated, the cortical sensitivity to periodicity might be expected to disappear when the distance of the partials is decreased below some critical limit. According to the current results, reducing the spectral distance between sound comb structure partials to very small values does not affect the cortical sensitivity to periodicity as indexed by AEF amplitudes and source locations. The latencies of the N1m, then again, gradually increased as the vowel F0 was decreased until a limit occurring at or below 19 Hz was crossed. This systematic variation of response latency as a function of stimulus F0 may be viewed as reflecting a periodicity extraction process rather than an attenuation in the sensitivity to periodicity. The significance of the emergence of multiple transient responses and the breakdown in the monotonic trend between F0 and N1m latency below 19 Hz is unclear, but may reflect the lower limit of pitch perception. Importantly, no lower limit for cortical sensitivity to periodicity, as indexed by N1m and SF amplitudes and generator source locations, was found. Thus the auditory periodicity detection mechanism seems remarkably efficient in extracting the vowel periodicity even when the F0 is reduced to values far below the range used in normal speech.
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